Experimental Investigation of the Shuttle Transportation System Composite Overwrapped Pressure Vessels for Stress Rupture Life by Forsyth, Brad et al.
Ex
pe
rim
en
ta
l I
nv
es
tig
at
io
n 
of
 th
e 
Sh
ut
tle
 
Tr
an
sp
or
ta
tio
n 
Sy
st
em
 C
om
po
si
te
 O
ve
rw
ra
pp
ed
Pr
es
su
re
 V
es
se
ls
 fo
r S
tr
es
s 
R
up
tu
re
 L
ife
 
N
at
ha
na
el
 G
re
en
e,
 N
A
SA
 W
ST
F
R
eg
or
 S
au
ls
be
rr
y,
 N
A
S
A
 W
S
TF
To
m
m
y 
Y
od
er
, N
TE
C
 W
S
TF
B
ra
d 
Fo
rs
yt
h,
 N
TE
C
 W
S
TF
M
ar
le
ne
 C
ar
ril
lo
, N
TE
C
 W
S
TF
Jo
hn
 T
he
sk
en
, O
A
I G
R
C
N
A
SA
 W
hi
te
 S
an
ds
 T
es
t F
ac
ili
ty
https://ntrs.nasa.gov/search.jsp?R=20070008436 2019-08-30T00:25:11+00:00Z
8/
28
/2
00
6
2
O
ut
lin
e
•
In
tro
du
ct
io
n
•
P
ur
po
se
 fo
r T
es
tin
g
•
N
A
S
A
 W
S
TF
 C
O
P
V
 T
es
t P
ro
gr
am
•
N
A
S
A
 W
S
TF
 T
es
t F
ac
ili
tie
s
•
C
O
P
V
 Im
pa
ct
 S
tu
dy
•
Fl
ui
ds
 C
om
pa
tib
ili
ty
 T
es
tin
g
•
S
tre
ss
 R
up
tu
re
 T
es
tin
g
•
C
O
P
V
 L
ifi
ng
•
C
on
cl
us
io
ns
8/
28
/2
00
6
3
In
tr
od
uc
tio
n
w
st
f0
10
6e
00
28
9
w
st
f0
10
6e
00
08
8
w
st
f1
00
4e
92
52
 
•
C
om
po
si
te
 o
ve
rw
ra
pp
ed
 p
re
ss
ur
e 
ve
ss
el
 (C
O
P
V
).
–
Ty
pi
ca
lly
 a
 m
et
al
lic
 li
ne
r o
ve
rw
ra
pp
ed
 w
ith
 a
 fi
be
r e
po
xy
 m
at
rix
•
W
ei
gh
t a
dv
an
ta
ge
:  
K
ev
la
r C
O
P
V
s 
sa
ve
d 
75
2 
lb
 in
 p
re
ss
ur
iz
ed
 
st
or
ag
e 
ov
er
 a
n 
al
l m
et
al
 d
es
ig
n.
8/
28
/2
00
6
4
Pu
rp
os
e 
fo
r T
es
tin
g
•
S
af
e 
us
e 
of
 C
O
P
V
s
•
Tw
o 
fa
ilu
re
 m
od
es
 fo
r a
 C
O
P
V
•
Le
ak
 B
ef
or
e 
B
ur
st
 (L
B
B
) m
or
e 
be
ni
gn
 fa
ilu
re
 
m
od
e
•
B
ur
st
 B
ef
or
e 
Le
ak
 (B
B
L)
 c
at
as
tro
ph
ic
 fa
ilu
re
 
m
od
e 
w
ith
 p
re
ss
ur
e 
w
av
e 
an
d 
fra
gm
en
ts
–
S
tre
ss
 ru
pt
ur
e:
  s
ud
de
n 
fa
ilu
re
 o
f t
he
 o
ve
rw
ra
p 
B
B
L
–
C
om
po
si
te
 D
am
ag
e:
  i
m
pa
ct
 o
r c
ut
s 
ca
n 
ca
us
e 
B
B
L
–
Li
ne
r F
la
w
:  
du
m
p 
of
 lo
ad
 in
to
 c
om
po
si
te
 c
an
 
ca
us
e 
B
B
L
–
M
an
uf
ac
tu
rin
g:
  d
ef
ec
ts
 c
an
 c
au
se
 B
B
L
8/
28
/2
00
6
5
N
A
SA
-W
ST
F 
C
O
PV
 T
es
t P
ro
gr
am
PB
O
 C
O
PV
S
tre
ss
 R
up
tu
re
B
ur
st
B
ur
st
, S
tre
ss
 R
up
tu
re
, I
m
pa
ct
 T
ol
er
an
ce
K
ev
la
r C
O
PV
S
tre
ss
 R
up
tu
re
B
ur
st
C
yc
le
, B
ur
st
, S
tre
ss
 R
up
tu
re
, F
lu
id
s 
C
om
pa
tib
ilit
y
W
ST
F 
C
O
PV
 T
es
t P
ro
gr
am
Fl
ui
ds
 C
om
pa
tib
ilit
y,
 Im
pa
ct
 T
ol
er
an
ce
, 
V
ac
uu
m
, H
um
id
ity
, S
he
lf 
Li
fe
C
ar
bo
n 
C
O
PV
S
tre
ss
 R
up
tu
re
B
ur
st
N
N
W
G
 C
O
PV
Ke
vl
ar
 a
nd
 C
ar
bo
n
D
ev
el
op
 N
D
E
 T
ec
hn
iq
ue
s 
to
 E
va
lu
at
e 
C
O
P
V
 L
ife
P
ro
vi
de
 N
D
E
 A
pp
lic
at
io
ns
 fo
r H
ea
lth
 M
on
ito
rin
g
8/
28
/2
00
6
6
C
O
PV
 Im
pa
ct
 S
tu
dy
•
U
nd
er
st
an
d 
C
O
P
V
 im
pa
ct
 s
en
si
tiv
ity
•
E
st
ab
lis
h 
V
D
T,
 C
IE
•
D
at
a 
to
 s
up
po
rt 
im
pa
ct
 c
on
tro
l p
la
n
8/
28
/2
00
6
7
Fl
ui
ds
 C
om
pa
tib
ili
ty
 T
es
tin
g
•
E
ffe
ct
 o
f f
lu
id
s 
on
 C
O
P
V
 s
tre
ng
th
1
•
M
M
H
, N
TO
, L
N
2, 
hy
dr
az
in
e,
 a
nd
 
un
sy
m
m
et
ric
al
 d
im
et
hy
lh
yd
ra
zi
ne
•
C
ar
bo
n 
no
t s
en
si
tiv
e 
to
 fl
ui
ds
•
K
ev
la
r v
er
y 
se
ns
iti
ve
 to
 N
TO
w
st
f0
59
6-
13
18
w
st
f0
39
6-
04
53
w
st
f0
49
6-
11
09
w
st
f0
49
6-
11
11
1
D
et
ai
ls
 o
f t
es
tin
g 
is
 in
 “C
om
po
si
te
 O
ve
rw
ra
pp
ed
 P
re
ss
ur
e 
V
es
se
ls
 N
A
S
A
/T
P
-2
00
2-
21
07
69
8/
28
/2
00
6
8
St
re
ss
 R
up
tu
re
 T
es
tin
g
•
C
ar
bo
n 
an
d 
P
B
O
 S
tre
ss
 R
up
tu
re
 T
es
t
•
Th
in
 o
ve
rw
ra
ps
si
m
ila
r t
o 
pr
op
el
la
nt
 ta
nk
s w
st
f0
40
3-
05
59
w
st
f0
40
3-
05
62
8/
28
/2
00
6
9
St
re
ss
 R
up
tu
re
 T
es
tin
g
•
Fl
ig
ht
-q
ua
lif
ie
d 
co
nf
ig
ur
at
io
ns
 
•
C
O
P
V
s 
in
 te
st
 fo
r 9
 y
ea
rs
•
N
in
e 
im
pa
ct
-d
am
ag
ed
 C
O
P
V
s
•
Li
m
ite
d 
st
at
is
tic
al
 p
op
ul
at
io
n
T
im
e
Stress Ratio
w
st
f0
12
97
-3
81
7
S
iz
e 
(in
)
U
nd
am
ag
ed
 C
O
P
V 
Fi
be
r S
tre
ss
 (%
 U
lt)
9 
Ø
62
6.
6 
Ø
 X
 2
0 
L
56
13
 Ø
 X
 2
5 
L
58
10
.2
5 
Ø
 
60
8/
28
/2
00
6
10
St
re
ss
 R
up
tu
re
, C
yc
le
 a
nd
 B
ur
st
 T
es
tin
g
•
Th
er
m
al
 c
on
tro
l f
or
 c
on
st
an
t v
es
se
l p
re
ss
ur
e
•
B
ac
ku
p 
po
w
er
 fo
r d
at
a 
ac
qu
is
iti
on
 a
nd
 th
er
m
al
 c
on
tro
l
•
Fl
ig
ht
 q
ua
lif
ie
d 
K
ev
la
r®
C
O
P
V
 te
st
in
g
–
S
tra
in
, F
O
B
G
, V
ol
um
e 
M
ea
su
re
m
en
t, 
D
IC
, E
dd
ie
 C
ur
re
nt
, A
E
, 
R
am
an
 S
pe
ct
ro
sc
op
y,
 B
el
ly
 B
an
ds
 a
nd
 N
D
E
1
w
st
f1
00
5e
08
43
8 
   
   
   
   
   
   
   
   
   
   
 w
st
f1
10
5e
08
99
8 
   
   
   
  
w
st
f0
50
6e
02
67
9
1
N
D
E
 c
ov
er
ed
 in
 c
om
pa
ni
on
 p
re
se
nt
at
io
n 
by
 R
eg
or
 S
au
ls
be
rry
8/
28
/2
00
6
11
C
O
PV
 L
ifi
ng
•
E
st
ab
lis
h 
th
e 
am
ou
nt
 o
f l
in
er
 lo
ad
 s
ha
rin
g1
–
E
va
lu
at
e 
th
ro
ug
h 
th
e 
co
m
po
si
te
 c
om
pr
es
si
on
–
Li
ne
r r
es
id
ua
l s
tre
ss
 a
fte
r y
ie
ld
 p
oi
nt
–
P
la
ce
 ti
m
e 
at
 p
re
ss
ur
e 
an
d 
st
re
ss
 ra
tio
 in
to
 m
od
el
2
-1
0-9-8-7-6-5-4-3-2-10
Thickness Change (mils)
010
00
20
00
30
00
40
00
50
00
60
00
70
00
80
00
Pressure (PSIG)
C
h3
(c
or
re
ct
ed
)
C
h2
(c
or
re
ct
ed
)
C
h1
(c
or
re
ct
ed
)
Pr
es
su
re
(P
si
g)
Py
Pp
PB
St
re
ss
O
pe
ra
tin
g 
Pr
es
su
re
N
o 
lin
er
 in
flu
en
ce
Li
ne
r l
oa
d
Sh
ar
in
g 
ef
fe
ct
yi
el
d 
ef
fe
ct
B
la
ck
 –
St
re
ss
 =
 P
R
/2
tc
Po
Py
Pp
PB
St
re
ss
O
pe
ra
tin
g 
Pr
es
su
re
N
o 
lin
er
 in
flu
en
ce
Li
ne
r l
oa
d
Sh
ar
in
g 
ef
fe
ct
yi
el
d 
ef
fe
ct
B
la
ck
 –
St
re
ss
 =
 P
R
/2
tc
Po
1 
D
et
ai
ls
 o
f h
ow
 s
tre
ss
 ra
tio
 c
al
cu
la
tio
n 
is
 in
 c
om
pa
ni
on
 p
ap
er
 b
y
Th
es
ke
n
2
D
et
ai
ls
 o
f s
tre
ss
 ru
pt
ur
e 
lif
in
g 
is
 g
iv
en
 in
 a
 c
om
pa
ni
on
 p
ap
er
 b
y 
P
ho
en
ix
8/
28
/2
00
6
12
C
on
cl
us
io
ns
•
C
O
P
V
s 
ar
e 
se
ns
iti
ve
 to
 c
om
po
si
te
 d
am
ag
e 
an
d 
sh
ou
ld
 h
av
e 
im
pa
ct
 c
on
tro
l p
la
ns
•
P
ro
pe
lla
nt
s 
an
d 
fu
el
s 
ex
po
su
re
 to
 c
ar
bo
n 
C
O
P
V
 
co
m
po
si
te
 d
oe
s 
no
t i
m
m
ed
ia
te
ly
 a
ffe
ct
 C
O
P
V
 
bu
rs
t s
tre
ng
th
•
Li
m
ite
d 
st
re
ss
 ru
pt
ur
e 
te
st
 d
at
a 
fo
r C
ar
bo
n 
C
O
P
V
s 
(d
iff
ic
ul
ty
 in
 p
re
di
ct
in
g 
st
re
ss
 ru
pt
ur
e 
lif
e)
•
Te
st
in
g 
to
 u
nd
er
st
an
d 
C
O
P
V
 m
ec
ha
ni
ca
l 
re
sp
on
se
 is
 im
po
rta
nt
 in
 e
st
im
at
in
g 
st
re
ss
 
ru
pt
ur
e 
lif
e 
 
8/
28
/2
00
6
13
Q
ue
st
io
ns
